Neoplasms of the alimentary tract are amongst the most common of all cancers, but they show striking variability in incidence, both across geographical boundaries, and within populations undergoing social and environmental changes (1) . In its review of diet and cancer published in 1997. The World Cancer Research (2) found "convincing" evidence for protective effects of fruits and vegetables against cancers of the upper aerophagic tract, stomach and lung, and of vegetables against cancers of the colon and rectum, and there is a continuing consensus in favour of a protective role for fruits and vegetables against cancers of the alimentary tract. This review is concerned with the hypothesis that one particular class of phytochemicals, the flavonoids, exert protective effects against these cancers. Flavonoids occur very widely in plants used as human foods (3) , and much of the colour, flavour and aroma of chocolate, tea, coffee and wine reflects the complex variety of phenolic compounds that they contain. Most of our current knowledge about these compounds has been obtained through the use of classical cell biology and biochemistry methods, but there is now increasing interest in the use of nutrigenomics to deepen our understanding of these and other phytochemicals (4 -7) , and one important goal of this review is to explore the potential for using this approach to explore the anticarcinogenic effects of flavonoids in the gut.
Flavonoids as anticarcinogens
Flavonoids are amongst the most thoroughly studied anticarcinogens, but much of the evidence has been derived from in vitro studies, using compounds such as quercetin aglycone, which is rarely found in the diet, and never in the human body.
Under physiological conditions, a relatively small fraction of the quercetin glycosides found in foods is hydrolysed at the intestinal surface, and the released aglycone is absorbed and rapidly metabolised, largely to glucuronides, which are then transferred to the circulation (8) . Unabsorbed polyphenols eventually become available for bacterial fermentation, yielding a mixture of phenolic acids in the colon (9) . This section is a general overview of interactions between flavonoids and potentially anticarcinogenic mechanisms.
Modulation of carcinogen metabolism
The first lines of defence against food-and air-borne carcinogens and toxins are the phase I and phase II metabolic enzymes expressed in the gut, liver and lung. Phase I metabolism involves oxidation, reduction and hydrolysis, principally via the cytochrome P450 enzymes (10) . The reaction products are often highly reactive genotoxins that form substrates for phase II enzymes such as glutathione S-transferase (GST), NAD:quinone reductase and g-glutamylcysteine synthetase. Phase II products are water-soluble, less reactive conjugates, which are readily excreted via the kidneys or in bile. Phase I and II enzymes are inducible by compounds that interact with the xenobiotic response element (XRE) and the antioxidant response element (ARE) respectively. Those that interact primarily with the ARE, and hence selectively induce phase II enzymes without simultaneously inducing phase I activity, are often potent anticarcinogens (11) . Amongst the flavonoids, the most actively investigated are the flavanols, including epigallocatechin gallate (EGCG), the putative principal anticarcinogenic component of green tea (12) .
Modulation of inflammatory pathways
Inflammation is a risk-factor for many types of cancer, and it is well established that chronic use of anti-inflammatory drugs such as aspirin reduces the risk of cancers of the colon (13) and oesophagus (14, 15) . This has established that cancers of the gastrointestinal tract are susceptible to chemoprevention, and prompted a search for natural food-borne anti-inflammatory factors. One important focus of interest is compounds that interact with nuclear transcription factor kB (NF-kB). In its inactive form NF-kB is present in the cytoplasm as a complex with IkB. Activation of NF-kB is brought about by IkB kinase (IKK)-dependent phosphorylation, ubiquitination and proteolysis of IkB, which frees NF-kB to enter the nucleus and bind to the kB sequence motif in DNA. NF-kB is involved in the regulation of a large number of genes but is particularly important as an up-regulator of the inflammatory response. Phenolic substances found in plant foods and beverages inhibit NF-kB activation at various stages. Curcumin for example suppresses TNF-induced activation of IKK (16) , whereas caffeic acid phenethyl ester specifically prevents binding of NF-kB to its target DNA sequence (17) . Another important pro-inflammatory mechanism potentially susceptible to modulation by flavonoids is that mediated by cyclooxygenase (prostaglandin H synthase). This enzyme system comprises two distinct isoforms; COX-1 produces prostaglandins essential to platelet aggregation and the maintenance of gastric mucosal integrity, and is constitutively expressed, whereas COX-2 is induced by tumour promoters and endogenous cytokines, and produces prostaglandins involved in inflammation. Many flavonoids have been shown to be COX-2 enzyme inhibitors (18) and some, including apigenin, chrysin, and kaempferol, can suppress COX-2 transcription (19) .
Regulation of cell proliferation and apoptosis
One of the most important pathways involved in the regulation of cell proliferation in both gastric and colorectal epithelia is that involving the intracellular protein b-catenin (20) . In normal epithelial cells there is a relatively large and stable pool of b-catenin immobilised by interactions with cytoskeletal proteins, and a small labile pool in the cytoplasm. However in cancer cells the balance is altered in favour of the cytoplasmic pool because the regulatory mechanism for b-catenin is disrupted by various mutations or epigenetic events (21) . Modulation of the b-catenin system occurs through the so-called canonical Wnt-signalling pathway. The Wnt proteins are cysteine-rich glycoproteins are released into the extracellular milieu where they interact either with membrane receptors of target cells (22) . Binding of Wnt to its membrane receptors initiates an intracellular signalling event that causes destabilisation of the b-catenin destruction complex, accumulation of b-catenin in the cytoplasm and increased levels of the b-catenin in the nucleus, where it leads to the transcription of a variety of pro-mitotic effector genes including C-myc, cyclin-D1, c-jun, COX-2. Wnt signalling plays an important role in gut formation during mammalian embryogenesis, and contributes to the maintenance of normal gut homeostasis in the adult. The common food-borne flavonoid quercetin (23) , which suppresses colorectal crypt cell proliferation in the rat in vivo (24) , has been shown to inhibit the b-catenin pathway in vitro (25, 26) . The survival of most cancer cells depends critically upon their ability to divide continuously, and to evade apoptosis. A variety of different flavonoids have been shown to inhibit proliferation and enhance apoptosis in vitro (27 -29) . Compounds that enhance apoptosis at biologically achievable concentrations in vivo are of great interest both as chemotherapeutic drugs, and as chemoprotective agents, particularly if they act selectively against transformed cells (30) . However, despite the great variety of naturally occurring compounds shown to be active in vitro, it has proven much more difficult to establish that food-borne flavonoids increase apoptosis in animals or humans.
Flavonoids and colorectal carcinoma
There is moderately good epidemiological evidence for protective effects of fruits and vegetables against colorectal cancer, and this has focused attention on the possibility that these effects might be due to the biological activity of flavonoids acting at one or more stages in the development of the disease. Most colorectal carcinomas in developed countries develop from initially benign adenomatous polyps via the adenoma-carcinoma sequence (31) . This step-wise pathway involves both morphological changes associated with the emergence and growth of the localised lesion, and a progressive disruption of the genome, including acquisition of somatic mutations (32) and silencing of genes through changes to the epigenetic marks regulating gene expression. The most widely studied epigenetic mechanism is the hypermethylation of the cytosine residues in CpG-rich sequences (CpG-islands) located within the promoter regions of expressed genes (33) . These sequences are normally unmethylated, but once methylated during the development of cancer they become progressively silenced by mechanisms involving recruitment of protein complexes, compaction of adjacent chromatin and suppressed transcription (34) . Cancers of the alimentary tract exhibit more aberrant methylation than cancers of the lung, ovary and bladder (35) , and silencing of DNA-repair and tumoursuppressor genes makes a major contribution to the genomic dysfunction associated with colorectal carcinoma (36) . Although food-borne flavonoids undoubtedly modulate molecular signals involved in the development of colorectal cancer under experimental conditions, the concentrations of these compounds in food are relatively low and there is little epidemiological evidence to support a protective role against cancer for flavonoids derived from food (37) . There is better evidence however that flavonoids from tea may play a protective role at the population level. Tea is an infusion prepared from the leaves of the plant Camellia sinensis and is one of the major sources of flavonoids in many western and oriental diets. The polyphenolic constituents of the tea infusion depend upon the processing of the leaves. Green tea is steamed immediately after picking to denature the polyphenol oxidases in the leaves, and hence stabilise the low molecular weight compounds, which are principally the catechins: epicatechin (EC), (2 )-epigallocatechin gallate (EGCG), (2 )-epigallocatechin (EGC) and (2 )-epicatechin-3-gallate (ECG). In contrast, black tea and Oolong tea are crushed and allowed to oxidise prior to drying. This leads to polymerisation of the polyphenols, forming high levels of theaflavins and thearubigens, with a corresponding reduction in the levels of catechins.
Black tea polyphenol consumption shows protective effects against oxidative DNA damage to the colon in animal models (38) , and black tea significantly reduced the formation of aberrant crypt foci in a rats with preneoplastic lesions induced by azoxymethane. In the early stages GST and glutathione peroxidase (GPx) gene expression were upregulated, suggesting that black tea effects might be mediated by antioxidative mechanisms (39) . EGCG reduces the invasive activity and growth of murine colon 26-L5 cell line in vitro, and significantly reduced lung metastasis in BALB/c mice inoculated with 26-L5 cells (40) . Orner et al. (41) used the Apc(min) mouse model to compare the anti-tumorigenic effects of green tea with those of "white" tea, a product that contains even higher levels of flavonoids. Mice treated with both types of tea had significantly lower numbers of tumours than the untreated controls, and there were significant reductions in beta-catenin and beta-catenin/ Tcf-4 regulated proteins Cyclin D (1) and c-Jun in the apparently normal intestines of mice treated with both white tea and sulindac. Similarly, Ju et al, working with Apc(min) mice showed that treatment with EGCG reduced the high levels of nuclear beta-catenin in these mice, and inhibited aberrant gene expression (42) . A rigorous meta-analysis of epidemiological studies on the relationship between tea consumption and colorectal cancer was recently published by Sun et al. (43) , who identified 25 papers describing studies conducted in European, North American and Asian populations. Eight studies provided evidence for a protective effect of green tea such that the highest had an odds ratio for colon cancer of 0·82 (95 % CI 0·69-0·98) compared to the lowest consumers. There was no evidence of a protective effect against rectal cancer, nor was there evidence for a protective effect of black tea against cancer at either site. The same group has recently compared urinary metabolites of tea polyphenols with subsequent risk of colorectal during 16 years of follow-up in a cohort of 18 244 Chinese men. Subjects with higher levels of EGC and 4 0 -0-methyl-EGC in their urine had a significantly lower risk of colon cancer, but not of rectal cancer.
Wine is another commonly consumed beverage capable of delivering high concentrations of polyphenols to the alimentary tract. Polyphenols derived from red wine reduced colon tumour yield and oxidative DNA damage, induced in rat colon mucosa by the model carcinogen 1,2-dimethylhydrazine. Functional pathway analysis carried out on microarray gene expression data showed that wine polyphenol consumption down-regulated the inflammatory response and steroid metabolism (44) .
Flavonoids and gastric carcinoma
Two distinct histological sub-types of gastric cancer have been identified: intestinal-type and diffuse-type (45) . Unlike colorectal cancer, the incidence of gastric cancer is in worldwide decline, with the sharpest reductions over the last few decades occurring in the industrialised world. However, whereas distal, intestinal-type gastric cancers have tended to decline in industrialised countries, the incidence of proximal cancers of the gastric cardia has increased recently (46) . The bacterium Helicobacter pylori is the principal known risk factor for gastric carcinogenesis (47) . Infection rates are inversely associated with affluence, both within and between countries, but the interaction between H. pylori and other environmental factors remains to be established.
As with colorectal cancer, a multistage sequence in the development of intestinal-type gastric carcinoma has been identified, beginning with chronic gastritis, and proceeding to mucosal atrophy, and intestinal metaplasia (48) . The latter stage involves the development of a cellular phenotype similar to that of the intestine, which is associated with the ectopic expression of the protein CDX2, a transcription factor normally expressed by intestinal epithelial cells. The final stage of malignant transformation leads to the appearance of a discreet tumour with glandular histology. APC and K-RAS mutations do occur in some tumours, and methylation of the CpG-island of tumour-suppressor and DNA-repair genes is widely reported. Diffuse-type gastric cancers do not form discreet lesions but develop as small groups of cells distributed through the mucosal tissue. This pathway is associated specifically with mutations or epigenetic silencing of E-cadherin. H. pylori infection predisposes to both types of gastric cancer (49) , but its mechanism of action is best understood in the case of chronic gastritis-atrophy-metaplasia sequence of intestinal-type carcinogenesis. Recently Ruggiero et al. (50) reported that certain polyphenols ameliorate the adverse effects of H. pylori infection on the gastric mucosa in a mouse model, probably by exerting antitoxic activity.
As with colorectal cancer, there are numerous studies showing that a variety of flavonoids inhibit the proliferation of gastric carcinoma cells (51) and induce apoptosis (52) but relatively little evidence for protective effects of flavonoids at the population level. Sun et al. (53) conducted a nested case -control study to explore the relationship between urinary markers of exposure to tea polyphenols and subsequent risk of gastric cancer in a cohort of over 18 000 Chinese men. There was a strong inverse association between urinary EGC and risk of gastric and oesophageal cancer (odds ratio 0·52, 95 % CI 0·28-0·97), which suggests that tea polyphenols may exert anticarcinogenic effects in this part of the gut, as well as the colon. It is less clear whether similar protective effects of polyphenols occur in populations consuming conventional Western diets. Lagiou et al. (54) examined the relationship between dietary intake of six classes of flavonoids (flavanones, flavan-3-ols, flavonols, flavones, anthocyanidins and isoflavones) and vitamin C in the aetiology of stomach cancer in a small case-control study conducted in Greece, and observed a statistically significant protective effect of flavanones. They commented that this might account for the apparently beneficial effects of fruit reported in some epidemiological studies, but given the small size of the study and the difficulty of estimating flavonoid intakes from dietary records, further research would be needed to explore this possibility.
It is worth noting that flavonoids also exert mutagenic effects in vitro and for a long period before the growth of interest in phytochemicals as anticarcinogens they were regarded as possible carcinogens. Gaspar et al. (55) used the Ames test to show that the mutagenicity of red wines correlated well with their quercetin content, but it has not since been established that these adverse effects are directly relevant to human health.
Flavonoids and oesophageal carcinoma
Oesophageal cancer occurs in two histological subtypes, squamous cell carcinoma (OSCC), and adenocarcinoma (OA). Overall the disease occurs somewhat more frequently in less developed countries than in the industrialised west (56) but some of the steepest contrasts in reported incidence occur within countries in Africa and Asia, where squamous carcinoma is the predominant form. Such variations appear to be associated with a combination of micronutrient deficiencies and high exposure to environmental mutagens (57) . Over the last 30 years, the incidence of OSCC has decreased in many industrialised countries, whereas an unexplained increase in the rates of OA has occurred in the United States and Western Europe (58) . Typically, adenocarcinoma develops from Barrett's oesophagus, an intestinal-type metaplasia that replaces the normal squamous mucosa in the lower third of the oesophagus (59) , apparently in response to chronic irritation by gastric reflux. In 10-15 % of cases there is progression via lowand high-grade dysplasia to adenocarcinoma, accompanied by somatic mutations of genes including p53 and K-RAS, chromosomal losses and aneuploidy, and methylation of the CpG-islands of APC, CDKN2A, ESR1 and E-Cadherin (60) . Gastro-oesophageal reflux disease (GERD) is the strongest identified risk-factor for OA (61) , and the disease shows a strong positive relationship with obesity (62) . Several epidemiological studies show evidence for an inverse correlation between fruit and vegetable consumption and risk of both OA and OSCC (63, 64) . Engel and colleagues estimated that the population attributable risk (PAR) associated with low fruit and vegetable consumption was of 29 % for OSCC and 15 % for OA (65) . Aspirin and other synthetic COX-2 enzyme inhibitors are protective against OA (15) . A number of flavonoids are COX-2 inhibitors (18) and some (e.g. apigenin, chrysin, and kaempferol) can suppress COX-2 transcription by mechanisms that include activation of the peroxisome proliferator-activated receptor (PPAR) gamma transcription factor (19) , and inhibition of NF-kB expression (66) . COX-2 transcription is inhibited in vitro not just by quercetin aglycone, but also by the metabolites quercetin 3-glucuronide, quercetin 3 0 -sulphate, and 3 0 -methylquercetin 3-glucuronide. These compounds are found in human plasma, and both quercetin and quercetin 3 0 -sulphate also inhibit COX-2 enzyme activity (67) . Quercetin aglycone inhibits COX-2 expression and induces apoptosis in the oesophageal adenocarcinoma cell line OE33 in vitro (68) . EGCG is another flavonoid which is of particular interest in the context or oesophageal cancer. In studies carried out on Nnitrosomethylbenzylamine (NMBA)-induced OSCC in rats, EGCG reduced the incidence of tumours in a dose-dependent manner, and significantly down-regulated the gene expression of both cyclin D1 and COX-2 (69) . Perhaps the most intriguing property of EGCG in this context is its ability to inhibit DNA methyltransferase (DNMT) activity. Epigenetic silencing of genes involved in cell cycle regulation, like p16 and retinoic acid receptor beta (RARb), and DNA repair, like O6-methylguanine-DNA methyltransferase (MGMT) and human mutL homologue 1 (hMLH1), are important events in OSCC development (70) . The EGCG-induced inhibition of DNMT reversed the methylation status of the promoters of these genes in an OSCC cell line leading to their reexpression (71) . Similar results were obtained using the same in vitro model treated with genistein, a soy-derived isoflavone (72) . However the inhibition of DNMT1 activity by genistein was relatively weak, suggesting that it might act by a different pathway (72) . Other flavonoids (myricetin, quercetin, hesperetin, naringenin, epigenin and luteolin) have also been shown to inhibit DNMT activity in OSCC nuclear extracts, although less efficiently than EGCG.
Flavopiridol is a synthetic flavone identical to one obtained from the Indian plant Dysoxylum binectiferum, which has attracted a great deal of attention as a possible chemotherapeutic agent for the treatment of gastrointestinal and other solid tumours. The primary action of flavopiridol is to inhibit cyclin dependent kinases (CDK) 1, 2 and 4 (73) . Indeed it is the first pan-cyclin-dependent kinase (CDK) inhibitor to enter clinical trials. Flavopiridol has been shown to induce G1 or G2/M cell cycle arrest and apoptosis and reduce protein levels of cyclin D1 and Retinoblastoma (Rb), which are crucial regulators of G0/G1 cell cycle checkpoint, in several OA and OSCC cell lines (74) . Promising results have also been obtained using in vivo models of OA and OSCC. Unfortunately however, flavopiridol has adverse side effects that appear to be due to its ability to act as a general suppressor of gene transcription (75) . Some recent studies showed that flavopiridol treatment enhanced the sensitivity to radiation of OA cell lines, and xenografts in nude mice (76, 77) . Further investigations are needed to assess whether flavopiridol can be used safely in combination with other therapeutic agents or radiation for clinical purposes.
Conclusion
There is substantial evidence to show that flavonoids from foods and beverages exert anticarcinogenic effects in vitro against tumours derived from epithelial cells of the alimentary tract, and that they modulate molecular signalling pathways known to be involved in human disease. There is also emerging evidence that certain flavonoid-rich foods, and particularly beverages, are associated with a reduced risk of disease at the population level. However it is difficult to prove that these different observations are causally linked, partly because of the relatively low flavonoid intakes and complexity of metabolism in humans in vivo, and partly because of the lack of adequate molecular biomarkers with which to monitor the earliest stages of disease development in humans. The advent of new post-genomic technologies can do much to address these problems. Improved analytical procedures are helping to clarify both the metabolic fate of ingested flavonoids in humans (78) , and their bioavailability (79) . Even more importantly, by characterising the profiles of genes and proteins that are modified in target tissues during the earliest stages of disease, and determining the extent to which these patterns of gene expression can be modulated by flavonoids, the post-genomic technologies enable us to develop rigorous molecular models for the effects of these compounds on the mucosa of the alimentary tract. Finally, by combining these data with knowledge of the bioavailability of the most effective compounds and their occurrence in food, it will become possible to predict which dietary sources offer the best protection against the major gastrointestinal cancers, and to properly evaluate the potential role of flavonoids in clinical nutrition (80) .
